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ABSTRACT 


The present study investigated the endogenous changes in thermo- 
regulatory responses (heat production[HP], heat loss{HL], and body 
temperature[Tb]) to intracerebroventricular (i.c.v.) injections of 
5-hydroxytryptamine (5-HT), noradrenaline (NA), and a monoamine 
oxidase inhibitor (harmaline) in a hibernator, the Richardson's 
ground squirrel (Spermophilus richardsonit) during different phases of 
the annual hibernation cycle. In the non-hibernating phase, at. 
ambient temperature (Ta) = 5°C, 5-HT caused an initial activation of 
HL followed by a compensatory increase of HP, resulting in a decrease 
of Tb of 0.40°C. Harmaline caused an increase of HP with a slight 
increase of HL resulting in a maximal increase of Tb of 0.8°C. Nor- 
adrenaline caused an initial activation of HP which was followed by a 
compensatory increase of HL resulting in an increase of Tb of on rain ea 
In the hibernating phase at Ta = See 5-HT caused activation of HL 
with concurrent suppression of HP resulting in a drop of Tb of 165. Ci 
Harmaline caused a marked decrease of HP with a slight decrease of 
HL resulting in a decrease of Tb of 0.74°C. Noradrenaline caused 
activation of HP with compensatory increase of HL resulting in an 
increase of Tb of 0.78°C. During rewarming from hibernation at Ta = 
6°C, 5-HT caused initial suppression of HP and a greater overall HL 
which resulted in a slower rate of arousal as compared to controls. 
Noradrenaline caused a greater rate of HP which resulted in a faster 
rate of arousal as compared to controls. 

It is concluded that the increase of brain 5-HT via either 


exogenous 5-HT administration or inhibition of endogenous 5~-HT 
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degradation suppresses HP in the normothermic ground squirrels in 
cold in the hibernating phase. Exogenous 5-HT also suppresses HP 
during the initial stages of arousal from hibernation. Exogenous 
NA causes a greater increase of HP in the normothermic ground squir- 
rels in the cold in the hibernating phase as compared to the hare 
hibernating phase. Exogenous NA also increased the rate of HP 
during arousal from hibernation. Since the animals were kept under 
constant photoperiod and temperature, the observed differential 
thermoregulatory responses (with respect to season of hibernation) 
following 5-HT, NA, and harmaline injections suggest an endogenous 
adjustment of thermoregulatory mechanisms incumbent with the cir- 


cannual rhythm of hibernation. 
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INTRODUCTION 


That the mammalian hypothalamus contains relatively high concen- 
trations of 5-hydroxytryptamine (5-HT; serotonin) and noradrenaline 
(NA) has been demonstrated by Amin et az. (1954), Vogt (1954) and 
Carlsson et al. (1962). In view of these findings, Brodie and Shore 
(1957) and von Euler (1961) hypothesized that these substances might 
be involved with the synaptic control of central thermoregulatory 
pathways. Early experiments by Feldberg and Myers (1963, 1964, and 
1965) showed that 5-HT when injected centrally into the cat caused 
body temperature (Tb) to rise, while similar injections of adrenaline 
and NA caused Tb to fall. He Sean they hypothesized that Tb 
is controlled by a balance of catecholamines and 5-HT in the rostral 
hypothalamus. 

As the scope of research broadened with the introduction of new 
injection techniques and utilization of new test species, the clear- 
cut role of biogenic amines in temperature regulation as put forward 
by Feldberg and Myers (1964) became controversial. For example, 
while central injections of 5-HT causes hyperthermia in cats (Feldberg 
and Myers, 1964), dogs (Feldberg et aZ., 1966; 1967), and primates 
(Feldberg et al, 1967; Myers and Waller, 1973), similar injections 
cause hypothermia in sheep (Bligh et aZ., 1971; Bacon and Bligh, 1976), 
rabbits (Cooper et al., 1965; Bligh et al., 1971), lambs (Cooper et al., 
1976), goats (Bligh et al., 1971), oxen (Findlay and Thompson, 1968), 
mice (Brittain and Handley, 1967), and rats (Feldberg and Lotti, 1967; 
Myers and Yaksh, 1968). Likewise, while central injections of NA 


cause hypothermia in cats (Feldberg and Myers, 1964), dogs (Feldberg 
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et al., 1966), and primates (Feldberg et al., 1967), similar in- 
jections cause hyperthermia in guinea pigs (Zeisberger and Briick, 
1970, 1976), rabbits (Cooper et al., 1965), rats (Beckman, 1970; 
Veale and Whishaw, 1976), and ground squirrels (Beckman and Satinoff, 
1972; Glass and Wang, 1978). As yet, there is no concrete explan- 
ation for the species difference observed in response to central in- 
jections of biogenic amines. It has been suggested, however, that 
the brain of every species may be wired in an unique neurochemical 
manner (Cooper et aZ., 1965). Also, it has been suggested that many 
of these differences may have arisen from contamination of injection 
fluid (Peindaries and Jacob, 1971), conducting experiments at unspec- 
ified environmental temperatures or using unspecified drug concen- 
trations (Francesconi and Mager, 1976). 

In spite of the inconsistencies in species response to central 
injections of biogenic amines, evidence from studies measuring changes 
in central biogenic amine levels and turnover rates in animals sub- 
jected to temperature stress have further substantiated the roles of 
these substances in mediating central thermoregulatory mechanisms. 
For example, in rats and mice where central 5-HT injection activates 
thermolytic mechanisms (Brittain and Handley, 1967), exposure to a 
warm environment causes increased 5-HT levels (Reid et al., 1968; 
Harri and Turri, 1969), 5-HT synthesis (Corrodi et al., 1967; Reid 
et al., 1968), and 5-HT turnover (Simmonds, 1970). Exposure of these 
animals to a cold environment, on the other hand, causes decreased 
5-HT levels (Harri and Turri, 1969) and a decrease in the activity of 


5-HT neurons and 5-HT synthesis (Corrodi et aZ., 1967). In cold ex- 
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posed monkeys in which central injection of 5-HT activates thermogenic 
mechanisms, an increase in 5-HT output was observed in the perfusate 
of the push-pull cannuld which was designed to perfuse specific sites 
in the hypothalamus (Myers and Beleslin, 1971). Furthermore, in rats 
and mice in which central] injection of NA activates thermogenic mech- 
anisms (Beckman, 1970; Veale and Whishaw, 1976), exposure to warm 
causes decreased NA levels (Harri and Turri, 1969), while exposure 

to cold increases NA fevers (Corrodi et al., 1967; Simmonds, 1969), 
and turnover (Reid et aZ., 1968). In the cat in which central in- 
jection of NA activates thermolytic mechanisms (Feldberg and Myers, 
1964), exposure to warm causes an increase of NA output in the per- 
fusate from a paenephaneeanniid siatiated in the hypothalamus (Myers 
and Chinn, 1973). 

Additional support for biogenic amines acting as mediators of 
central thermoregulatory mechanisms comes from studies of the thermo- 
regulatory effects of specific biogenic amine agonists and antagon- 
ists. Injections of the monoamine oxidase (MAO) inhibitors tranyl- 
cypromine and harmaline which increase brain 5-HT levels (Feldberg 
and Lotti, 1967; Brunivels and Sourkes, 1968) mimic the thermoreg- 
ulatory effects of central injection of 5-HT. For example, in the 
rat, where central injections of 5-HT cause a drop in Tb (Myers and 
Yaksh, 1968), tranylcypromine (Feldberg and Lotti, 1967) and harmaline 
(Brunivels and Sourkes, 1968) also cause lowered Tb. Short-term 
increases in central 5-HT facilitated by i.p. injections of L- 
tryptophan and para-chlorophenylalanine (p-CPA) in the golden hamster 


(Jansky et al., 1973) have also been observed to cause lowered Tb. 
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In cats where central injection of 5-HT causes a rise in Tb, tranyl- 
cypromine has the same effect (Feldberg and Lotti, 1967). Agents 
such as phentolamine which inhibit the thermoregulatory effects of 
central injection of NA by blocking central a-receptors (Dhawan and 
Dua, 1971; Burks, 1972) are shown to have effects opposite to NA 
when injected by themselves. Furthermore, blockage of central NA 
synthesis by i.p. injection of D,L-alpha-methyl(-P-tyrosine methy] 
ester) (a-MpTme) in the cold causes hypothermia in cold-acclimated 
rats (Feist, 1970). Central injections of NA agonists such as the 
sympathomimetics naphazoline and tetrahydrozoline (Lomax and Foster, 
1969), and phenylephrine (Rudy and Wolf, 1971), in rats, on the other 
hand, produce hyperthermia as does NA. 

Tit anon evident that in any study concerned with the effects 
of central injection of putative neurotransmitters, stringent exper- 
imental regimes must be applied to properly assess the physiological 
Significance of responses evoked by such injections. Such consider- 
ations have prompted several investigators to recommend the following 
criteria to be fulfilled prior to the evaluation of thermoregulatory 
responses achieved by exogenous administration of putative neuro- 
transmitters (Myers, 1974; Francesconi and Mager, 1976): 1) the 
establishment of dose-response curves; 2) the monitoring of Tb for 
extended periods after drug administration; 3) the utilization of 
only sterile, non-pyrogenic media and equipment, and 4) the utiliza- 
tion of specific agonists or antagonists. 

Recently, the central metabolism of 5-HT and NA has been found 


to undergo cyclic changes associated with the yearly hibernation cycle. 


- Type dion aaa 8 ele coke aanaghrs ae i 
aa sae. «tyes cemeati i ia sent SP 
+o! ed tte cuned  eeteenee ta am: Pear aie | 
ies A sft) PONT: e tetaad ant tool ssh a Spats aS er 
Aad ut'bepe wn) 24 wet os ap og ava aK, (Fret 
NW Taxtake to See tanid 8 Svamratsan’ plc 08% | 
Tore. ae aaa lca PRR: ee baie 
hetwitisad-b! ke ii E nivrattbadesd esduao btea ant td parted, fa ae | 
Sill. 26 NOUS stathops my i ay Papin isons i ysabeiiin | 
Nasent Dee. x62) engi ourly ited ak Birk ofv i casas, 2 
Wanio ond ai, ecb ie | hal ah Fite GH Tues goUs : apenas 
2b. kn ae RAY, 6 cre tso aed Ty 
POTTS. SHI wibeMiosns tole Ye Sd “eS, yor ai he 
raqns “tegpe(ae sd 259 tt tena, ev ied s9--Te svhtomiart a | 
lagnity 6) baht gm ga Seon: age tga: Me ‘t 

Tab ecn) Toe anORT IRE Hr Yd bekay 5 roznnqasy, I). I286 
pth itot alts byartiiias | a PAP ERE Rey [Saree ‘begqmoyg aver ; 
Wigs Ups Miri 4) VOTRE aS en eags mniys hate het SO Gh) tei 
“rest Vila Ver er oy cats SubnsiG)s-\ bevels. ae 
“ott = = (ateh groom) teh (nadeBanin’. SD0"1 care). ma andes 
AAV dy 36 pr ioktip ee oS erbuiits Konowa-Geab, Yi Jnana lige 
3h: hota tea tyta at (tnt eh babhs out ded te onnijual am 
ety ttd sa Sa ila nen ape his bist ofthe son Pili lack” | 
| ,ebeh bor has-0. st einane tina 
Laut Sel my tite fhe? AH hi, Aadeol Tap nes. op: ee ee 
agin a ria Sos at ti. 


ie bed one 


a) 


Rea 


x : 
oe 


r 
1 


gary rot ug i 22Scea5 ¥ 


For example, profound increases in brain 5-HT concentration have 
been observed in the golden hamster (Novotna et aZ., 1975), the bat 
(Shaskan, 1969), the hedgehog (Uuspaa, 1963), and the ground squirrel 
(Spafford and Pengelley, 1971). Increases in central 5-HT turnover 
during the preparative and maintenance phases of the annual hiber- 
nation cycle have also been observed in the golden hamster (Novotna 
et al., 1975). According to Novotna and Jansky (1975) the increase 
in central 5-HT turnover is not related to its destruction rates as 
they found no concurrent changes in MAO activity. Rather, they sug- 
gested that the increased 5-HT turnover was due to increased prod- 
uction of 5-HT in the brain due to an increased dietary intake of 
tryptophan, a 5-HT precursor, and the lowering of liver pyrrolase, 
an enzyme which decreases blood pein han levels. Recently, however, 
Voitenko (1977) has shown that increased brain 5-HT turnover may be 
associated with decreases in MAO activity during hibernation in the 
European hamster. 

Occurring simultaneously with the increases of 5-HT metabolism 
are pronounced decreases in brain NA metabolism in the Arctic ground 
squirrel (Feist and Galster, 1974), the thirteen-lined ground squirrel 
(Draskoczy and Lyman, 1967), and the hedgehog (Uuspaa, 1963; Sauerbier 
and Lemmer, 1977). Also, brain turnover rates of NA have been observed 
to drop to very low levels during hibernation in the thirteen-1 ined 
ground squirrel (Draskéczy and Lyman, 1967) and in the hedgehog 
(Sauerbier and Lemmer, 1977). Furthermore, Faure and Calas (1977) have 
shown that the tz vitro uptake of NA by central catecholaminergic 


fibers is reduced in brain slices taken from the hibernating hedgehog 
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as compared to that in brain slices taken from active hedgehogs. 

The maintenance of brain levels of 5-HT and NA have been aibnn 
to be necessary for various phases of the hibernation cycle. Spafford 
and Pengelley (1971) demonstrated that by lowering brain levels of 
5-HT by i.p. administration of p-CPA, or by lesioning the medial 
raphe nucleus to reduce endogenous synthesis of 5-HT, hibernation 
was terminated prematurely. In addition, Jansk¥ (1978) has shown that 
by feeding golden hamsters a tryptophan-rich diet, a maneuver aimed to 
increase the precursor for central 5-HT synthesis, the length of hiber- 
nation bouts was increased. Spafford and Pengelley (1971) showed that 
female golden: mantled ground squirrels which have higher brain 5-HT 


levels than the males hibernate “better” in both duration and frequency 
of hibernation than the males. Also, the need for adequate NA levels 
during the arousal phase has been demonstrated by Feist (1970) who 
Showed that the inhibition of central NA concentration by i.p. admin- 
istration of a-MpTme prevents complete arousal from hibernation. 

Thus, there is a great deal of evidence suggesting that 5-HT and 
NA are functionally involved with hibernation in mammals. To date, 
however, the nature of the roles played by these substances in govern- 
ing the entrance into, the maintenance of, and the arousal from hiber- 
nation is open to speculation. Novotna and Jansky (1976) and Jansky 
(1978) have suggested that the increases in 5-HT metabolism occurring 
during the hibernating phase of the annual hibernating cycle may serve 
to inhibit the pituitary-adrenal axis, reducing the activities of some 
endocrine glands. On the other hand, some authors have suggested that 


5-HT and NA may be involved with the thermoregulation of hibernation 
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(Feist and Galster, 1974). 

In seasonal hibernators (e.g. ground squirrels and marmots), 
many physiological changes take place in preparation for hibernation 
during late summer. Typical changes signaling the beginning of the 
hibernating phase include a rapid weight gain (Pengelley and Fisher, 
1963) and a lowering of oxygen consumption (Armitage and Shulenberger, 
1972) and Tb (Scott et aZ., 1974). When placed in the cold these 
animals will usually enter hibernation. In contrast, if the animal 
is in its non-hibernating phase, exposure to cold evokes thermoreg- 
ulatory responses typical of those observed in the non-hibernating 
homeotherms rather than the exhibition of hibernation (Wang, unpub- 
lished). Thus, it is apparent that the hibernating and the non- 
hibernating phases represent two distinct physiological states. 

The objective of this study, therefore, was to determine if 
there is differential thermoregulatory response to perturbation of 
brain 5-HT and NA levels in a seasonal hibernator (the Richardson's 
ground squirrel, Spermophtlus richardsonit) during different phases 
of the annual hibernating cycle. Such information would shed more 
light on the possible role of central serotonergic and noradrenergic 
pathways in their participation of regulation of hibernation in 


seasonal hibernators. 
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MATERIALS AND METHODS 


I. ANIMALS 

Mature and juvenile Richardson's ground squirrels of both 
sexes were used in this study. These animals were live-trapped near 
Edmonton, Alberta and brought to the animal holding facilities at 
the University of Alberta. All animals were fed fresh vegetables, 
sunflower seeds, and Vitamite cubes (Northwest Feed, Edmonton) ad 
Ztbitun and maintained under a 12L/12D photoperiod at an ambient 
temperature (Ta) of 23°C. Weekly measurements of weight were made 
to aid determination of endogenous phase for hibernation in each 
animal. The hibernation phase was further verified by exhibition 
of hibernation in cold (5°C) and dark without food in a walk-in 
environmental chamber after the injection experiment. The non- 
hibernating phase was evident when the animal showed no weekly 
weight increase and did not hibernate when placed in cold and dark 
without food for up to 12 days. 

For arousal experiments, the ground squirrels were placed in 
the cold (6°C) and dark four weeks prior to experimentation. Fresh 
vegetables, sunflower seeds, and Vitamite cubes were supplied ad 
ltbttunm. Animals were checked daily for hibernation using the saw- 
dust technique, and were used for experimentation only if they had 
been hibernating for 2 consecutive days, with rectal temperatures of 


6.5 - 7.5°C at time of experimentation. 


II. SURGERY AND CANNULATION 


Under sodium pentobarbital anaesthesia (Nembutal, 50mg/kg) 
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X-ray ventriculograph showing the diffusion of a radio- 
opaque dye (90% Roane solution, 10 yl) throughout the 
lateral and third ventricles 15 sec after injection through 
the cannula re-entry tube in an anaesthetised Richardson's 
ground squirrel. The thermocouple re-entry tube is located 
above the preoptic anterior hypothalamus. The 3 screws were 


used to anchor a protective acrylic cap (not shown) to the 


Skul. 
C = cannula re-entry tube 
L = lateral cerebral ventricle 
T = thermocouple re-entry tube 
3 = third. ventricle 
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supplemented with Ketaset (25mg/kg, Rogar), each animal was stereo- 
taxically implanted with a chronic cannula guide tube in the left 
lateral cerebral ventricle. The final stereotaxic co-ordinates (AP 
3.9, L 2.3, H 4.0{using earbars as zero point]) were determined by 
histological sectioning and eosin dye injection. After experimenta- 
tion, the position of the cannula guide tube was further verified by 
X-ray analysis of the diffusion of a radio-opaque dye (90% Hypaque 
solution) throughout the ventricular system (Fig. 1). The cannula 
guide tubes were fabricated from 22 gauge stainless-steel hypodermic 
tubing and contained an indwelling stylus made from 28 gauge stainless- 
steel wire. After implantation, a cap made of sealed polyethylene 
tubing (PE 50) was affixed to the guide tube to prevent leakage or 
contamination when not in use. The guide tube was then cemented in 
place with dental acrylic and anchored with stainless-steel screws 
Screwed into the skull. A plastic ring shield made from the cap of 
a 1 cc disposable syringe was then embedded into the acrytic for 
protection of the guide tube. Animals were also implanted with a 
thermocouple re-entry tube made from 22 gauge stainless-steel tubing. 
These were implanted above the preoptic hypothalamic region (Fig. 1). 
For injection, the tip of a 10 ul Hamilton syringe needle was 
machined to fit snugly within the 22 gauge guide tube with its tip 
extending 0.5 mm into the ventricular lumen. This truncated needle 
was connected to a 10 Ht Hamilton syringe by a 2 m length of PE 10 
tubing which facilitated remote injection. Before injection, syringe, 
tubing, and needle were repeatedly flushed with 70% ethanol, sterile 


Saline, and finally, injection fluid. Between experiments these were 
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stored in 70% ethanol. 


III. DRUGS 

Immediately before injection, solutions of 5-HT creatinine 
sulphate (Sigma), harmaline HCl (Sigma), or L-arterenol bitartrate (NA) 
(Sigma), each in concentration of 10 ug/ul were prepared using sterile 
artificial cerebrospinal fluid (Myers and Buckman, 1972) which had 
been passed through a .22 um bacterial filter (Millipore). This fluid 
was thought to have been pyrogen-free because no febrile response was 
ever observed after central injection of artificial cerebrospinal 
Piuidvalone. For serial, injections of 5-Hi.. 10, 5,,.2.5, <and | yl were 
injected over 30 sec delivering doses of 56, 28, 14, and 6 ug of 5-HT 
(free base), respectively. For control injection, equimolar solutions 
of creatinine sulphate (Sigma) were injected at the same volumes as 5- 
HT injections. For harmaline injections, 20 wl was injected, deliver- 
ing a dose of 170 wg harmaline. For serial injections of NA, 1, 1.5, 
and 2.5 pl were injected over 30 sec delivering doses of 5, 7.5, and 
12.5 ug of NA (free base), respectively. In arousal experiments, drugs 
were prepared and injected in a similar manner except that 3 single 
injections of 5-HT or NA were given when brain temperature (Tbr) 
reached 10, 20, and 30°C. The total amount of 5-HT administered during 


an arousal was 168 ug, and for NA, 37.5 ug. 


IV. OXYGEN CONSUMPTION 
Air supply to the animal was from the compressed air line 
in the laboratory. It was first decompressed to 5.5 psi by a low 


pressure regulator (Model 70, Matheson), and then dried by passing 
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through a tube containing Drierite (Fisher Scientific Co.). Flowrate 
(1500 cc/min STP) to the animals was metered by individually cali- 
brated flow meters (Model 603, Matheson) before it reached the animal 
chamber. The animal chamber was held within a temperature controlled 
cabinet which maintained the Ta inside the animal chamber at either 
AS HO) plece) + 0.5°C. Exhaust from the animal chamber was passed through 
a tube containing Ascarite (A.A. Thomas Co.) and Drierite for C0, 

and water vapor removal before it was measured by a Beckman G-2 para- 
magnetic oxygen analyser. The output from the analyser was recorded 
by a Honeywell strip chart recorder, and synchronously computed and 
integrated at once per sec by a Texas Instruments digital computer 
(Wang and Peter, 1975). The 90% equilibration time constant of the 


measuring system was 10 min. 


Ve Eat LOSS 

Dry heat loss(HL) of animals was measured simultaneously 
with oxygen consumption using a Thermonetics (model SECA-1201) 
gradient-layer calorimeter. The output of which was fed to a strip 
chart recorder (Model #282, Linear), and into the computer for cal- 
culation of instantaneous rate of HL and integrated total HL at once 
per sec. The calorimeter also served as the metabolism chamber. 
Temperature of the calorimeter was regulated at either 23 or 5 + 
One by the circulation of coolant through the walls of the calori- 
meter from a constant temperature water bath. The 90% equilibration 


time constant of the calorimeter was 12 min. 
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VI. BODY TEMPERATURE MEASUREMENTS 
Core temperature (Tb; Tre) was measured by inserting a 

copper-constantan thermocouple made from 30 guage wires sheathed by 
PE 50 tubing 6 cm into the rectum. In arousal experiments, Tbr was 
measured by inserting a copper constantan thermocouple made from 40 
guage wires into the brain thermocouple re-entry tube. Temperatures 
were measured with a resolution of 0.01°C accuracy with a digital 
voltmeter and by comparison to a reference voltage using a custom 


soft-ware program in the computer. 


VII. EXPERIMENTAL PROTOCAL 

Where injections into normothermic ground squirrels were 
made, the animal was restrained in a custom-made wire meshed cylinder 
with the head extruding beyond the cylinder. This procedure was nec- 
essary to prevent chewing of the cannula by the animal and eliminated 
the behavioral component for variations of HL and heat production (HP) 
due to random movements of the animal. Thus, changes observed in 
these experiments represented definitive physiological adjustments 
independent of behavioral changes. All drugs were injected remotely 
via a 2 m extension of cannula (PE 10) and i.c.v. in a single in- 
jection over 30 sec. 

In experiments concerned with arousal» from hibernation, the 
hibernating animal was immediately transferred from the hibernaculum 
to the precooled gradient-layer calorimeter, where it was fitted with 
brain and rectal thermocouples and injection cannula. Insertion of 


the rectal thermocouple, was in most cases, sufficient stimulus to 
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evoke arousal from hibernation. All drugs were injected remotely 
via a 2 m extension of PE 10 tubing and i.c.v. In preliminary ex- 
periments, control injections of artificial cerebrospinal fluid alone 
or with creatinine sulphate had no effect on thermoregulation of nor- 
mothermic or arousing ground squirrels. Therefore, no control in- 
jections were administered in the arousal experiments. 

Wnere applicable, the assessment of thermoregulatory responses 
achieved by exogenous administration of putative neurotransmitters 
was carried out under conditions recommended by Francesconi and Mager 


(1976). 


VIII. CALCULATIONS 

Drug induced changes in HP and HL in experiments on normo- 
thermic animals were calculated by taking the difference between the 
integrated totals (at an integration rate of once per sec) of HP and 
HL of equal times before and after the injection. Values for pre- 
injection were based on recordinas obtained 15 min immediately pre- 
ceding the injection. Multiples of preinjection values were used when 
post-injection response lasted more than 15 min. Average changes in 
Tb due to drug action were calculated by averaging Tb measurements at 
5 min intervals throughout the duration of response and subtracting 
this from the averaged Tb observed during the 15 min pre-injection 
period. In all experiments, oxygen consumption was converted to HP 
by using a caloric equivalence of 5 cal/cc0,, assuming an RQ of 0.90 
(Kleiber, 1961). Heat deficit or gain was calculated by subtracting 


the net HL from net HP after drug injection. Heat production and HL 


values were expressed as cal/Wt (in grams )9°7>, 
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ix. STATISTICS 
All data analysis was carried out by using an unpaired 
student's t-test. (Sokal and Rohlf, 1969). The level for sig- 


nificance was set at p40.05. 
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RESULTS 


IT. NORMOTHERMIC ANIMALS 
A. 5-HT 

Figure 2 shows the time-course of thermoregulatory response 
of two Richardson's ground squirrels (#D-10, non-hibernating phase, 
#404, hibernating phase) to 28 yg 5-HT i.c.v. In the non-hibernating 
phase, 5-HT caused a rapid increase of HL reaching a maximum of 135 
cal/15 min, 15 min after injection. ‘This resulted in an initial 0.4% 
drop in Tb. A compensatory increase in HP occurred 15 min after the 
injection which reached a peak value of 42.0 cc05/15 min (210 cal/15 
min) 30 min after the injection. During the hibernating phase, 5-HT 
Caused an increase of HL reaching a maximum of 180 cal/15 min, 15 min 
after injection. There was a simultaneous suppression of HP which 
showed a maximum depression of 59.0 cc04/15 min (295 cal/15 min) 15 
min after injection. This resulted in a drop of Tb of OFC: All 
. parameters returned to preinjection levels approximately 45 min after 
injection. 
Figure 3 shows the dose-response relationship of Richardson's ground 
squirrels in the non-hibernating phase (n=4) and in the hibernating 
phase eee to 4 serial injections (6, 14, 28, and 56 ug) of 5-HT. 
Throughout the dose range of 5-HT injected (6-56 ug), ground squirrels 
in their non-hibernating phase increased ona HEY Cron .39 F057 £0 
2.38+0.70 cal/wto’/>, and their HL from 0.87+0.62 to 3.75+0.78 cal/ 
wee? 7>, These changes resulted in increases of heat deficit of 0.15 


eaT and were reflected by changes in Tb from 


+0.14 to 2.42+0.50 cal/Wt 
*0.10+0.10 to “0.40+0.07°C.. In contrast, ground squirrels in 


their hibernating phase showed decreases of HP from 1.73+0.40 to 
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The time-course of thermoregulatory response of two Richards 
son's ground squirrels (#D-10, non-hibernating phase; #404, 
hibernating phase) to 28 yg 5-HT (i.c.v.) at Ta=5°C. Top; 
Change .in heat loss by 5-HT injection. Maddle;) <nange win 
oxygen consumption by 5-HT injection. Bottom: change in 
rectal temperature by 5-HT injection. Positive and 

negative values indicate activation and sudene caer re- 
spectively, of a parameter in comparison to its pre- 


injection values. 
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The dose-response relationship of Richardson's ground squirrels 
in the non-hibernating phase (n=4) and in the hibernating phase 
(n=4) to 4 serial injections (6, 14, 28, and 56 ug) of 5-HT 
(i.c.v.) at Ta = 5°C. A: (top) heat production, heat loss and 
heat deficit elicited by 5-HT in the non-hibernating phase. 
(bottom) heat production, heat loss and heat deficit elicited 
by 5-HT in the hibernating phase. B: changes in rectal 
temperature over the same dose-range of 5-HT during the non- 
hibernating and hibernating phases. Bars are S.E.M. Positive 
and negative values indicate activation and suppression, 
respectively, of a parameter in comparison to its pre-injection 


values. 
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0.75 


Son eos eal /Wt » and decrease of HL of 0.96+0.38 at the lowest 


0.75 


dose but increases up to 1.26+0.66 cal/Wt at higher doses. These 


Changes resulted in increases of heat deficit of 0.77+0.10 to 6.00+1.24 


cal/wto:?? 


» and were reflected by decreases in Tb from 0.19+0.02 to 
1.65+0.25°C. Comparing the non-hibernating and hibernating phases, the 
changes of HP by 5-HT were significantly different (p<.05) at all 
doses, as were the changes of Tb. The magnitude of HL was comparable 
at lower doses, but was significantly less (p<.05) at the highest dose 
in the hibernating phase. The overall heat deficit was significantly 


greater (p<.05) in the hibernating phase for all doses except the 


lowest. 


B. | HARMALINE 
Figure 4 shows the time-course of thermoregulatory response 

of 2 Richardson's ground squirrels (#17, non-hibernating phase; #32, 
hibernating phase) to 170 ug harmaline i.c.v. In the non-hibernating 
phase, harmaline caused a rapid, initial increase of HL followed by a 
decrease and moderate increase. The net increase of HL was 78.0 cal 
for the entire 60 min after injection. The oxygen consumption showed 
an initial decrease followed by a compensatory increase. The net 
increase in HP was 166 cal for the 60 min duration. The excess HP 
caused an increase of Tb averating 0.30°C. In the hibernating phase, 
harmaline caused a net decrease of HL of 30 cal in 50 min and a 
decrease of HP of 350 cal resulting in an average Tb fall of 0.50°C. 

Figure 5 shows the response of Richardson's ground squirrels in 


the non-hibernating phase (n=4) and hibernating phase (n=5) to i.c.v. 
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The time course of thermoregulatory response of two Richard- 
son's ground squirrels (#17, non-hibernating phase; #32, 
hibernating phase) to 170 ug harmaline (i.c.v.) at Ta = aver 
Top: change in heat loss by harmaline injection. Middle: 
change in oxygen consumption by harmaline injection. Bottom: 
change in rectal temperature by harmaline injection. 
Positive and negative values indicate activation and 
Suppression, respectively, of a parameter in comparison to 


its pre-injection values. 
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Fig. 5. The response of Richardson's ground squirrels in the non- 
hibernating phase (n=4) and hibernating phase (n=5) to i.c.v. 
injection of harmaline at Ta = Bee Right: changes in 
heat production, heat loss, heat deficit and rectal temp- 
erature in the non-hibernating phase. Left: changes in 
heat production, heat loss, heat deficit and rectal temp- 
erature in the hibernating phase. Bars are S.E.M. Posi- 
tive and negative values indicate activation and suppression, 
respectively, of a parameter in comparison to its pre- 


injection values. 
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injection of 170 yg harmaline. In the non-hibernating phase, harmal- 


O75 


ine caused an increase of HP of 2.15+1.01 cal/Wt spandraystaght 


increase of HL of 0.12+0.07 cal/wt?*’®, 


0.75 


This resulted in a heat gain 


of 2.54+1.00 cal/Wt and was reflected by a mean increase in Tb of 


0.80+0.24°C. In the hibernating phase, harmaline caused a suppression 


Sth, and a slight decrease of HL of 0.62+0.27 


O75 


of HPof 3.86+0.49 cal/Wt 


0.75 


cal/Wt This resulted in a heat-deficit-of 3.18+0.37 cal/Wt 


and was reflected by a mean decrease in Tb of 0.74+0.08°C. 


C. NA 
1. Effects of Environmental Temperature 
Figure 6 shows the effects of environmental temperature 
on the thermoregulatory response of Richardson's ground squirrels in 
their hibernating phase to serial i.c.v. injections of NA (5.0, 7.5, 


and 12.5 ug). In the warm (23°C [n=4]) the lowest dose (5.0 wg) caused 


0575 


an increase of HP of 1.91+0.78 cal/Wt X + S.E.) and an increase 


O75 


OF HL oF (0.7 [40242 ‘cadyit This resulted in a net heat gain of 


O75 


1.214+0.47 cal/Wt which was reflected by an increase of Tb of 0.29+ 


0.20°C. The highest dose (12.5 wg) caused an increase of HP of 6.82+ 


90 cal/weo-?° and an increase of HL of 1.95+0.69 catwee-/?, This 


(Cs) 


resulted in a net heat gain of 4.88+1.13 cal/Wt which was reflect- 


ed by an increase of Tb of 1.03+0.28°C. In the cold (5°C (n=4]) the 


lowest dose (5.0 wg) caused an increase of HP of 0.32+0.33 catsuto*/° 


and an increase of HL of 0.34+0.41 catsute’?>, 


URS 


This resulted ina 


net heat deficit of 0.02+0.35 cal/Wt which was reflected by a 


decrease of Tb of 0.05+0.08°C. The highest dose (12.5 wg) caused an 


0575 


increase of HP of 6.61+2.29 cal/Wt andean TneneasenOt HE Oh s.7 7+ 
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The dose-response relationship of Richardson's ground 
squirrels in their hibernating phase in the warm at 
(n=4}), and in the cold (5°C In=4]) to Ssserntal injections 
(5.05. 7.5ecand 12.5 1G), Of ONA Wie. Via oD mchangesedn 
heat production, heat loss and net heat gain elicited by 
NA. Bottom: changes in rectal temperature elicited by 


NA. Bars are S.E.M. 
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2.30 cal/wte:?, 


0175 


This resulted in a net heat gain of 2.844+0.29 cal/ 
Wt which was reflected by an increase of Tb of 0.53+0.13°C. 
Throughout the dose range, there was no significant difference (p>.05) 


in all measured parameters between injections at 23 or 56°C. 


nd. ‘Seasonal Ditterences 

Figure 7 shows the time-course of thermoregulatory 
response of two Richardson's ground squirrels (#10, non-hibernating 
phase; #5, hibernating phase) to 12.5 ug NA i.c.v. at Ta = Par Caratn 
the non-hibernating phase NA caused an increase of HP reaching a max- 
imum of 115 cal/15 min, 30 min after injection. There was an initial 
decrease and then an increase of HL which reached a maximum of 90 cal/ 
15 min, 45 min after injection. This resulted in a maximal increase of 
HD OF 0.41°C occurring 30 min after injection. In the hibernating 
phase, NA caused an increase of HP reaching a maximum of 300 cal/15 
min, 30 min after injection. There was an initial decrease of HL 
followed by an increase reaching a maximum of 123 cal/15 min, 45 min 
after injection. This resulted in a maximal increase of Tb of 1.64°C 
occurring 45 min after injection. 

Since there was no significant difference between the thermo- 
regulatory responses of Richardson's ground squirrels at 23 or Sn 
the data from experiments at both temperatures were pooled and pre- 
sented in Figure 8. Figure 8 shows the effects of serial injections 
of NA (5.0, 7.5, and 12.5 ug) on the thermoregulatory response of 
Richardson's ground squirrels in the non-hibernating phase (n=6) and 
in the hibernating phase (n=9). Throughout the dose range of NA in- 


jected, ground squirrels in their non-hibernating phase increased 
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The time-course of thermoregulatory response of two Richard- 
son's ground squirrels (#10, non-hibernating phase; #5, 
hibernating phase) to 12.5 ug NA (i.c.v.) at Ta = GG. Top: 
change in heat loss by NA injection. Middle: change in 
heat production by NA injection. Positive and negative 
values indicate activation and suppression, respectively; 


of a parameter in comparison to its pre-injection values. 
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Fig. 8. The dose-response relationship of Richardson's ground 
squirrels in the non-hibernating phase (n=6) and in the 
hibernating phase (n=9) to 3 serial injections (5.0, 7.5, 
and 12.5 ug) of NA (i.c.v.) at Ta = 5°C. Top: changes 
in heat production, heat loss and net heat gain elicited 
by NA. Bottom: changes in rectal temperature elicited 


by NA. Bars are S.E.M. 
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their HP from 0.60+0.41 to 1.54+0.95 cal/wt?’° 


0.75 


» and their HL from 


-0.03+0.15 to 0.51+0.93 cal/Wt These changes resulted in increas- 


es of net heat gain from 0.27+0.36 to 1.03+0.51 catswee??° and were 


reflected by increases of Tb from 0.18+0.08 to 0.21+0.10°C. Ground 


squirrels in their hibernating phase showed increases in HP from 1.07+ 


0.57 to 6.7141.28 cal/wt?’’® 
3.0941.19 cal/wee’’?. 


» and increases in HL from 0.54+0.29 to 
These changes resulted in increases of net heat 
gain from 0.53+0.40 to 3.62+0.66 catsute’’?, and were reflected by in- 
creases in Tb from 0.16+0.09 to 0.874+0.16°C. Between the non-hiber- 
nating and hibernating phases, significantly greater increases in HP 


(p<.02) and net heat gain (p<.01) and Tb (p<.02) were found in the 


hibernating phase only at the highest dose (12.5 ug NA). 


II. HIBERNATING ANIMALS 
A. EFFECTS OF 5-HT AND NA ON AROUSAL 
Ae ier Con crol 
Figure 9A illustrates the rates of HP and HL and changes 
in Tbr and Tre for the control group (n=7) during rewarming from hiber- 
nation. Starting from an initial level of 0.65+0.07 CX cee ay cal/ 


wee: 79145 min, HP increased to a peak of 6.31+0.3] Caney: 7945 min 


Oa7 
” 


15 min approximately 150 min after initiation of rewarming. Heat loss 


increased from an initial level of 0.20+0.02 cal/wee?/°/15 min to 


after 105 min. Heat production stabilized at 4.80+0.30 cal/Wt 


2.68+0.34 cal/Wt?’’5/15 min after 135 min and stabilized at 2.61+0.25 
car/wte’ 9/15 min after 150 min. From an initial value of 7.440.2°C, 
Tbr rose to 35°C after 135 min; Tre rose from 6.8+0.2 to 35°C after 


145 min. 
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Effects of three i.c.v. injections of 56 yg of 5-HT (C) and 
12.5 ug NA (B) on the thermoregulatory dynamics of arousal 
from hibernation at Ta=6°C. Open circles are heat pro- 
duction; filled circles are heat loss; filled squares are 
brain temperature; and haif-open circles are rectal temp- 
erature. Arrows refer to time of drug injections at brain 


temperatures of 10, 20, and 30°C. All values are X ae 
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Zev NA 
Figure 9B illustrates change of HP, HL and rate of 


rewarming in the group (n=8) receiving i.c.v. injection of NA. 


Starting from an initial level of 0.71+.09 cal/wto*’? 


0.75 


/15 min HP 


increased;to aapeakvof 753140337 cal/Wt 
UAT) 


P1omminwanter e725 main.4icHP 
stabilized at 6.00+0.48 cal/Wt /15 min approximately 120 min after 
initiation of rewarming. Heat loss increased from an initial level 


0.75 0.75 115 min after 


of 0.29+0.10 cal/Wt /d suman 60) 3..34+0.21,cal/Wt 
120 min and stabilized at this level. From an initial value of 
7.8+0,2°C, Tbr rose to 35°C after 112 min; Tre rose from 7.4+0.3 to 
35°C after 118 min. 

After the first injection of NA, there was marked acceleration of 
the rate of increase of HP, HL, and Tbr as compared to the controls. 
The rate of increase of HP began to exceed that of the control group 
after 30 min post-disturbance of the animal (7 min after the first 
injection of NA) and continued until the peak of HP was reached at 75 
min. Heat loss began to increase at a rate faster than the control 
group after 30 min and continued to exceed that of the control until 
jts plateau was reached after 120 min post-disturbance. The rate of 


increase of Tbr and Tre began to exceed control values after 30 min 


until maximum temperatures were reached after 120 min. 


3 wohl 
Figure 9C illustrates changes of HP and HL for the 
group (n=6) receiving i.c.v. injections of 5-HT during rewarming 


from hibernation. Starting from an initial level of 0.67+0.09 cal/ 
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te AG min, HP increased to a peak of 7.18+0.37 cal/wre 2/15 min 


after 105 min. Heat production then stabilized at 5.17+0.30 cal/wee’/?/ 


15 min after 160 min. Heat loss increased from an initial level of 


O75 ORS 


0,28+0.03 cal/Wt /V5 mim tor 3.2040 22 cal /We 


Onyo 


/ 15 min after 
135 min, and decreased to 2.61+0.05 cal/Wt /15 min after 165 min. 
From an initial value of P2000 + 0.2 Tbr rose to 33°C after 150 min; Tr 
rose. from) 7 .0+0.3-t0 35°C after 156 min. 

After the first injection of 5-HT there was marked suppression 
in the rate of increase of HP as compared to the controls. This 
suppression lasted for approximately 40 min after the injection (60 min 
post-injection). The rate of HL began to exceed that of the controls 
after 75 min, and continued until 135 min after the initiation of 
arousal. The rates of increase of both Tbr and Tre were suppressed 
relative to the controls until 75 min after the initiation of arousal. 

Table 1 summarizes the overall changes of HP, HL and rate of 
rewarming in control, NA and 5-HT injected groups. The 5-HT injected 
group produced significantly more heat but required the longest time 
to reach normothermia than did the control or NA injected groups. 
This was due mainly to the significantly greater HL in the 5-HT 
injected group as compared to the controls. Significantly less time 
was required for the NA injected group to reach normothermia than the 
control group, but the total HP and HL were similar to the control 
group. The average temperature difference between Tbr and Tre during 
rewarming was similar between the control and NA injected groups but 


was significantly less between the 5-HT injected and the control group. 
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Table 1 


Effects of i.c.v. injection of NA and 5-HT on the 


energetics of disturbed arousal in Spermophtlus rtehardsontt 


Total HP Total HL Average Time for Tr 
cal/wte’/? cal/wee:/? Tb-Tr(°C) to reach 35°C 
(min) 
Control 
(n=7) 114.30+2.50 31.00+2.70 Dor USO 145 y3047 80 
NA 
(n=8) TOS, SIF 3018 29),6642 .20 5.00+0.34 117.50+3.78 ** 
5-HT 
(n=6) 126.2741).98, Fe Sle OO os Rey eo. 20F0 AA le 156000t2. 00 


* Significantly different from control (p<0.05) 
** (p<0.02) 


Values are X + S.E. 
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DISCUSSTON 


Implicit with studies concerned with the thermoregulatory effects 
of i.c.v. injections of putative neurotransmitters are two basic as- 
sumptions: 1) that the injected drug reaches thermoregulatory centers 
in the rostral hypothalamus by uptake from the ventricular fluid 
through the ependymal walls of the third ventricle, and 2) that the 
effects achieved by such injections are resultant from interaction 
between drug and receptor sites of neurons of thermoregulatory path- 
ways. There is good evidence that drugs injected into the cerebral 
ventricles are diffused rapidly throughout the ventricular system 
(Feldberg and Myers, 1964), and subsequently transported across the 
ependymal walls (Aghajanian et al., 1966). Due to the diffusion of 
the drugs paratenour the entire ventricular system after injection, 
however, the anatomical specificity of drug action is equivocal. 

For example, injections of 5-HT or NA may activate serotonergic or 
noradrenergic pathways associated with the cortex, corpus striatum, 
hypothalamus, reticular formation, and the hind brain (Myers, 1974). 
It is not surprising, therefore, that 1.c.v. injections of 5-HT and 
NA may elicit changes in many functions such as drinking and feed- 
ing (Myers and Yaksh, 1968), sleeping (Jansky and Novotna, 1976), 

as well as Tb (reviewed by Hellon, 1972). In spite of this anatomical 
nonspecificity characteristic of the i.c.v. stimulation, however, 
there is surprising consistency of a drug eliciting a specific effect 
(Myers and Yaksh, 1968). This is born-out saveraliwayse 1) I-cey. 


injection of a specific drug such as 5-HT into a wide variety of 
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mammals elicits similar thermoregulatory changes provided that the 
drug concentration, and Ta are constant (Francesconi and Mager, 1976); 
2) administration of specific agonists, precursors, or Inhibitors of 
metabolic degradation have effects parallel to those evoked by the 
drug itself (Myers and Yaksh, 1968), and 3) dose dependent relation- 
ships between drug concentration and effect have been demonstrated 
(Francesconi and Mager, 1976). Historically, i.c.v. injection has 
proven to be a valuable method in evaluating the central effects of 
putative: neurocrransmitters., @Wichin limits, 1t 11S Still a potentially 
useful technique in first-hand approximation of the central actions 


of certain drugs (Myers, 1974). 


IT. | NORMOTHERMIC ANIMALS 
A.  5-HT AND HARMALINE 

The hypothermia resulting from i.c.v. injections of 5-HT in 
the Richardson's ground squirrels is consistent with that evoked by 
T.6.V.. thection of 5-HT in many hibernating and Robe netang 
species (Cooper et al., 1965; Bligh et at., 1971; Baird et al., 1974; 
Hlavicka, 1976, 1977). Quantitative measurements of the HL and HP com- 
ponents of the thermoregulatory response in the present study have 
Shown, however, that hypothermia may arise either from activation of 
HL only or from the activation of HL and the suppression of HP. This 
differential response is dependent on the physiological state of the 
animal which in turn is determined by the yearly hibernation cycle. 
During the non-hibernating phase, mild hypothermia (0.40°C) was caused 


by initial) activagion.of HL (Figs. 2yand3). This isisimilanm,to the 


: ral a F 
trp ae Le See ae De Ace 
edt tand toh herd, esgnend ¥ osnTegaxbor 
~~ : . ' : 
‘ rv ’ ae 7 , 
Aaeed .omalt iis Fidteon et) eer anGd 
x i! . ; yes 
. ed be a8. 52 rt hee 
' ‘46 Fb 
q 4 
‘ nf 7 
. v 
E chk ; 
i cP IP ae | ohare 
ad e } : ‘7 . auia hw 4 
i : ; @ 7 
: < i or as 
LA A 1S EROS 
- wer H a L3 ihe. 
; us hls is 'h 
' h Dh) NET NN TA 8 
7 - , te is ™ ce am 
y,) FY OAL RPeeey 1) AIGGTK PRE 
s » 7 ae er, 
i we! ’ 
; 7 ~~ ; » a nal 
AL Bota: eis eae a ware 2 nostra the 
oe ee at 4 SOT ia a ae 
i a oy b> = 7 
Ohl toy wer Ange meek: if danse asi Wie i oe aed Met fek oh el 
wes LT ea, ot 
i? b ; ve 
Ld NTC j =i - me € u jae Peer ieee r sore, , . ap ‘ WHO}, eof 20qz 
‘ f . tar ary 
. ae 7 a 7 ® ne es ry 
ir : i/ id Ori i Fiche wineoael Sonn ANT ase, — is 
; 7 pews Rs vee oe AG ame a 
vet git 1 ang | 3. 4h) Set a 4 lata 7 ia: ta bai ae 
= wh a en. ad y 
+ a a hy 
ta‘yets oe or aby han \ suf maya 
nf a ta _ ra ve ve ies — 7 ive seed 
fr 


response of the golden hamster to i.c.v. administration of 5-HT 
(Hlavitka, 1976, 1977), where Tb was depressed principally by the 
activation of HL (there was no prolonged suppression of HP). In- 
jection of 5-HT during the hibernating phase, on the other hand, 
caused a more marked hypothermia (-1.65°C) due to both activation of 
HL and suppression of HP (Fig. 3). This type of response was similar 
to that evoked by i.c.v. injection of 5-HT into rabbits, sheep, and 
goats (Bligh et at., 1971). 

In a complementary study, harmaline, an MAO inhibitor, was cen- 
trally injected to observe the effects of manipulation of endogenous 
5-HT. This drug is known in rats to cause a 100% increase in brain 
5-HT levels without affecting noradrenaline levels (Bruinvels and 
Sourkes, 1968). Caloric measurements showed that similar to 5-HT in- 
jection, differential thermoregulatory response to harmaline injection 
was also observed and the response was dependent upon the hibernation 
phase of the animals. During the non-hibernating phase, harmaline 
caused an increase in Tb (0.80°C) due to the activation of HP with small 
activation of HL (Fig. 5). During the hibernating phase, however, har~- 
maline caused a suppression of HP with a small decrease in HL resulting 
in a fall in Tb (0.74°C; Fig. 5). The temperature lowering effect of 
harmaline in the Richardson's ground squirrel during the hibernating 
phase at Ta = 5°c is similar to that observed in the rat at Ta = 2306 
(Bruinvels and Sourkes, 1968). 

That there was differential thermoregulatory response to increased 
brain 5-HT (by both exogenous administration and enhancement of en- 


dogenous 5-HT by harmaline) in ground squirrels during different phases 


43 


wee 


yH~8 as wie ati oF 


bie “ta We i oe | 


as 3 
w 


‘ea 


ne : 
78 TG Spehtas AIT ef a To) ; 


“ Finite at ofhonoat +0 ag ah ie JCS 


mas : 


bf ‘ { en} % ec sf ac a | TiC rel Hee 


ie 7 


= (A 2 GW Joatite rent bins nh Vonh) cnr tal Oe (aad 


AUONapOLNA FO-NarTebot teem Te sage ther Bilis 
- x —s ; j 
: 


apnea ff Ber eae NG! 4 OR ny ‘) @.) Sap its pice at. 
ites fomntune) a hayats Shi eneabRhvbtt pi Seat Bh 


eos tel Pate. 3 bat aowone CURT EY sti wo 


Weel inee:. anoqesn ‘a ie Risae wurde ; ees 
; 7 ‘ s4bl 


Larisa) 4. ait «loge taalaad a 2 nde pit HS fod 
cae ibs 


Siti UIST aebdd Bal + atnTE alt: NOM anny, a rf 


~ 


We DI A HOC e Ios an, 03, dy aa Oe OF, ae ve 
} ett a LP. FOGG hag eatin: (a oy i 
ety ee it if Oe fa Sfp U hiiye. .) fet) Ait a corediaigg 


a 5 


a 
+ 
Vr 


~ 
a 


rh “NOT Di gi nis Ke ter SLOT a 

So Py = yr : 
paraisis alent BAY, wy aub raves aps hve iea eet wining? t bith 
ca pea ees Bis nits it’ bert abet doa vidstal get tats 21 Fe. ff 


1) ee 


“Sha, 46 ay of pepe 


va Jeri en 


44 


of the hibernation cycle may be indicative of an endogenous change in 
central serotonergic pathways incumbent with the yearly hibernating 
cycle. Furthermore, as the thermolytic action of increased brain 5- 

HT was more pronounced in the hibernating phase, it is possible that 
the 5-HT pathways are more active during the hibernating phase. This 
is in agreement with the observations of Novotna et al. (1976), that 

in the golden hamster kept under natural conditions there was a 14-fold 
increase in brainstem 5-HT turnover rate during the preparative phase 
for nibernation which tater increased to 24-fold during hibernation. 
Also, increased brain 5-HT levels have been reported in the hibernating 
bat (Shaskan, 1969), hedgehog (Uuspad, 1963), and the golden namster 
(Novotna et alZ., 1975). 

Other evidence for changes in 5-HT thermoregulatory pathways 
during the yearly hibernation cycle has been reported by Jansky et al. 
(1973). They found that the decrease in Tb after the peripneral adminis- 
tration of p-CPA was greater in golden hamsters preparing for hiber- 
nation than during the late winter. Analysis of brain 5-HT after 
administration of p-CPA showed that there was 160% increase in 5-HT 
30 min after injection and that there was no significant depletion of 
S-HE until 6 hrsvatter tinject ron’ yi Thetall) in Th closely eid 
the increase in brain 5-HT. Other experiments conducted by Hlavicka 
(1977) on golden hamsters kept under constant environmental conditions 
(Ta = 25°C; 12L/12D photoperiod) showed, however, that there was no 
differential thermoregulatory response to i.c.v. infusions of 5-HT. 

The total amount of 5-HT infused in their study, however, was relative- 


ly small (5 wg) compared to the larger doses which in this study did 
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elicit significant changes in thermoregulatory responses between 
non-hibernating and hibernating groups of animals. Hence it may be 
possible that the dose used by Hlavitka was not Saapeiendal large 
enough to resolve seasonal differences in responsiveness to exogenous 
B-Hi. citsvis also,.possible. that species differences exist since golden 
hamsters are not seasonal hibernators as are the Richardson's ground 
squirrels. 

To date, there has been much evidence presented indicating the 
importance of central serotonergic pathways to mammalian hibernation. 
For example, Spafford and Pengelley (1971) showed that hibernation could 
be disrupted by the administration of p-CPA or by lesioning the median 
raphe nucleus; both procedures causing a long-term depression of brain 
5-HT. In addition, the ability to hibernate (Spafford and Pengelley, 
1970) and the length of hibernation bouts (Jansky, 1971) have been cor- 
related with central levels of 5-HT. The functional role of S-HT in 
hibernation is, however, still open to speculation. The present study 
demonstrated that short-term increases in brain 5-HT levels by 5-HT or 
harmaline injections could elicit differential activation of thermoreg- 
ulatory pathways during different phases of: the hibernation cycle. It 
is therefore apparent that reorganization of HP and HL pathways may 
also be part of the repertoire along with other physiological changes 
during the preparation for hibernation in seasonal hibernators. 

Leuke and South (1971) speculated that there is progressive endog- 
enous suppression of hypothalamic thermogenic neurons during the en- 
trance into hibernation. Such a suppression would serve to lower the 


threshold for cold-stimulated thermogenesis, and consequently cause 
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an absence of thermogenesis during cold exposure. An updated version 
of this model (South et al., 1978) requires the existence of two neu- 
ronal pools, one inhibitory and the other excitatory, which are func- 
tional only during the entrance to and the maintenance of the hiber- 
nating state. These neuronal pools are responsible for the maintenance 
of a depressed but relatively constant Tb during hibernation; an in- 
crease in Ta or Tb facilitates the inhibitory neurones and HP is mini- 
| malised; a decrease in Ta or Tb disinhibits the thermogenic neurones 
and HP is increased. The finding that increased brain levels of 5-HT in 
the Richardson's ground squirrel! caused marked suppression of HP only 
during the hibernating phase may offer a possible neurochemical basis 
tor; the models of Leuke and South’ (1971), .and South e¢.az. (1978)... It 
is possible that 5-HT may be the neurotransmitter released from the 
neurones which inhibit the thermogenic neuronal pool. Such a role may 
also reflect the functional significance of the dramatic increases in 
brain 5-HT concentration (Uuspaa, 1963; Shaskan, 1969; Novotna et al., 
(1975) and turnover (Novotna et aZ., 1975) occurring during late sum- 


mer and throughout the winter in many hibernating species. 


B. NA 
There is now very strong evidence supporting the role 
of NA as a central mediator of thermoregulatory mechanisms. For ex- 
ample, specific hypothalamic sites of action of NA have been mapped 
(Zeisberger and Briick, 1971, 1976) and the nature of the receptors 
involved with NA mediated thermoregulatory pathways are known (Dhawan 
and Dua, 1971; Burks, 1972). Furthermore, single unit activity of 


thermoresponsive neurones after NA application corresponds well with 
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changes of Tb observed after central injection of NA (Hori and 
Nakayama, 1973). 

The hyperthermia resulting from i.c.v. injections of NA in the 
Richardson's ground squirrel is consistent with that found in many 
non-hibernating (Feldberg and Myers, 1964; Beckman, 1970; Zeisberger 
and Brtick, 1971; Veale and Whishaw, 1976) and hibernating species 
(Beckman and Satinoff, 1972; Glass and Wang, 1978). Quantitative 
measurements of the HL and HP components of the thermoregulatory res- 
ponse in the present study have shown, however, that hyperthermia is 
consequent to the activation of HP rather than the suppression of HL 
as reported by Cooper et al. (1965). Furthermore, the effects of 
environmental temperature on the thermoregulatory response of Richard- 
son's ground squirrels was not as pronounced as in other studies in 
which environmental temperature was found to cause both qualitative 
(Bligh et al., 1971; Avery, 1972) or quantitative (Veale and Whishaw, 
1976) changes in thermoregulatory response. In the cold, the NA- 
induced hyperthermia in the Richardson's ground squirrel was reduced 
as compared to the response in the warm, due to increased HL in the 
cold. 

Injections of NA at the highest dose (12.5 ug) in the Richardson's 
ground squirrel during the hibernation phase have shown to elicit 
greater increases in HP and Tb than during the non-hibernating phase. 
This differential response is dependent on the physiological state of 
the animal incumbent with its annual hibernation cycle. During hiber- 
nation there is a 35% reduction of hypothalamic NA in the Arctic 


ground squirrel (Feist and Galster, 1974), and decreases in brain NA 
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have also been reported during hibernation in the hedgehog (Uuspad, 
1963; Sauerbier and Lemmer, 1977). Also, drastic reductions of brain 
NA turnover during hibernation have been reported in. the’ thirteen- 
lined ground squirrel (Draskoczy and Lyman, 1967) and in the hedgehog 
(Sauerbier and Lemmer, 1977). Furthermore, Faure and Calas (1977) 
have shown that the in vitro uptake of NA by central catecholaminergic 
fibers is reduced in brain slices taken from the hibernating hedgehog 
as compared to that in brain slices taken from active hedgehogs. 

These findings suggest that there is a reduction in the activity of 
the central noradrenergic neurones during hibernation. 

This reduction of central noradrenergic activity during hiber- 
nation may be related to the increased responsiveness LOU Cuvee, en 
jections of NA in the hibernating phase in the Richardson's ground 
squirrels. Axelrod (1974) has reported hypersensitivity of NA- 
simulated systems in the pineal gland resulting from reduced input 
of the innervating noradrenergic tracts. Thus, during prolonged 
periods of light when noradrenergic input is reduced there is hyper- 
responsiveness of cyclic AMP generating systems to exogenous NA. 
Other examples of increased sensitivity of inactive central nor- 
adrenergic systems to exogenous NA are reviewed by Dismukes and Daly 
(1976). Since central noradrenergic pathways have been shown to be 
anvolved with HP mechanisms (Zeisberger and Brick, 1971, 19/6; Glass 
and Wang, 1978), the apparently reduced activity of these neurones 
during the hibernation phase as reported above may result in a hyper- 
sensitivity of central HP pathway to exogenous NA. Furthermore, in 
the Richardson's ground squirrel in the hibernating phase, there is 


increased thermogenic responsiveness to intravenous infusions of the 
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B-receptor agonist isoproterenol (Abbotts and Wang, unpublished obser- 
vations). This hyperresponsiveness may be related to reduced turn- 
over and concentration of NA in peripheral tissues at this time 
(Uuspad, 1963; Draskdczy and Lyman, 1967; Sauerbier and Lemmer, 1977). 
The demonstration of endogenous seasonal changes in thermoreg- 
ulatory response after centrally applied NA supports the role of 
central noradrenergic thermoregulatory pathways in the regulation of 


hibernation. 


II. HIBERNATING ANIMALS 
A. ENERGETICS OF DISTURBED AROUSAL 

Simultaneous measurements of HP, HL and Tb have shown re- 
warming from hibernation to be not only an extremely dynamic process, 
but a surprisingly economical way of raising Tb in the cold. Catcue 
lations of the energetics of disturbed arousal in the uninjected con- 
trol group shown in Table 2 demonstrate the efficiency of the rewarm- 
ing process. The total HP for rewarming to a Tb of 36°C was 12,274 
calories and the total HL for the same period was 3,303 calories. 
The average weight of the animals was 512 g, and with a specific heat 
of 0.83 cal/g/°C for animal tissue (Cromer, 1974), the net HP (8,971 
cal) should have increased Tb by 21.1°C. However, the actual increase 
was approximately 29°C (from 7 to 36°C). One explanation for this 
discrepancy may be that anaerobiosis occurred during rewarming with 
the oxygen debt being repaid after Tb stabilization. This is unlikely, 
however, as there was no observed sustained increase in oxygen consump- 
tion above the resting level following stabilization of Tb at 36°C 


(Fig. 9A). The absence of an oxygen debt has also been reported 
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Table 2 


Energetics of disturbed arousal from hibernation 


in Spermophtlus richardsonit * 


Average Total HP 
Weight (g) (cal) 
olzrcg 12,274+494 
aay ea yg 


Values are X + S.E. 


Total HL Net Heat 
(cal) (cal) 
8,9714+475 


3 ,303+257 


ani 
2 


Calcualted 
Specific Heat 


0.59 cal/g/°C 
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(Hammel et al., 1968; Wang, 1978). Therefore, one must question the 
validity of using 0.83 cal/g/°C as the specific heat of the animal 
during rewarming. We measured the cooling of a Richardson's ground 
squirrel carcass in a calorimeter and found the specific heat of the 
animal was 0.83 cal/g/°C (Glass and Wang, unpublished). Calculations 
from HP and HL (Table 2) showed that the specific heat of the animal 
was 0.59 cal/g/°C. A recalculation based on calorimetric measurements 
of Hammel et aZ. (1968) in the arousing golden-mantled ground squirrel 
indicated that the value of the specific heat for their animal was 0.52 
cal/a/c! Moreover, Wang (1978) reported an apparent specific heat of 
0.45 cal/g/°C in a Richardson's ground squirrel in an undisturbed 
arousal. Since only drastic changes of tissue composition could vary 
the specific heat of a body, it is unlikely that physical modifications 
were responsible for the lowering of specific heat during arousal. 
Wang (1978) has suggested that the differential rewarming which occurs 
during arousal may be responsible for the observed reduction of spec- 
ific heat; as heat is produced by an inner layer it serves to heat the 
next outer one, and so on until the outermost layer is warmed. This 
process would restrict HL, as most of the heat produced would be 
trapped rather than lost to the environment. Hence, the total HP 
necessary to raise Tb from hibernating to’ normothermic levels could 

be correspondingly reduced. Based on the above experiments the energy 


saving could range from 30 to 40% due to the reduction of HL. 


B. EFFECTS OF 5-HT AND NA ON AROUSAL 
Peri) Oeeere 


The initial suppression of HP (from 30 to 60 min post- 
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disturbance) and overall increased HL caused by i.c.v. injections of 
5-HT during arousal is similar to that found in non-hibernating species 
during normothermia after i.c.v. 5-HT (Bligh et al., 1971; Baird et al., 
1974; Hlavicka, 1976). Figure 9(c) shows, however, that after 60 min 
5-HT failed to cause suppression of HP. Furthermore, the mean rates of 
HP and net NP during rewarming for the 5-HT injected group were similar 
to the control group (Table 3), indicating that there was no overall 
reduction in rate of HP by 5-HT. The somewhat greater time required 
for rewarming (and therefore slower rate of rewarming Table 3) was 

due to both the initial suppression of HP and the greater overall HL. 

A slowing of rewarming has also been observed after i.p. injection 

of 5-HT and 5-hydroxytryptophan (a 5-HT precursor) in arousing red- 
cheeked ground squirrels (Popova, 1975; Yakimenko and Popova, 1976). 

As observations by Jansky and Novotna (1976) show that there may be 
penetration of 5-HT through the blood-brain barrier after i.p. injec- 
tion of 5-HT, it is likely that the slowing of rewarming by i.p. 5-HT 
was in part centrally mediated. 

The smaller average temperature difference between Tre and Tbr in 
the 5-HT injected group (Table 1) may reflect altered differential re- 
warming caused by premature decrease of peripheral and posterior vaso- 
motor tone. This may have been due to the action of increased brain 
5-HT on vasomotor pathways associated with central HL mechanisms. 

This argument is strengthened by the observation of increased overall 
HL in the 5-HT injected group. Furtnermore, i.c.v. injection of 5-HT 
in rabbits, goats, and sheep is known to cause a decrease in peripheral 


vasomotor tone resulting in increased HL (Bligh et al., 1971). 
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Intracerebroventricular injections of NA, on the other 
hand, had the effect of causing a significantly larger expenditure of 
energy and a greater net rate of HP during rewarming than did the 
control group (Table 3). This resulted in a decreased time required 
for rewarming (Table 1) and is reflected by a faster rate of rewarm- 
ing (Table 3). This activation of HP by i.c.v. injection of NA during 
rewarming is consistent with other studies where central injection of 
NA activated HP in some non-hibernating mammals such as guinea pigs 
(Zeisberger and Brtick, 1971, 1976), rats (Beckman, 1970), neonatal 
rabbits (Komaromi et aZ., 1969); and some hibernating species such as 
the golden-mantied ground squirrel (Beckman and Satinoff, 1972), the 
Richardson's ground squirrel (Glass and Wang, this study), and neo- 
natal Columbian ground squirrels (Glass and Wang, 1978). The average 
temperature difference between Tbr and Tre was not significantly 
different from the control group (Table 1), indicating that there was 
no direct influence of increased brain NA levels on the normal vasomotor 
adjustments which occur during rewarming. 

There is a good functional relationship between the actions of 
5-HT and NA reported here and their respective levels observed during 
rewarming. Both Kudryvtseva and Popova (1973) and Feist and Galster 
(1974) have reported decreases in hypotnalamic 5-HT during arousal; 
the latter authors noting a decrease during the initial phase of re- 
warming only. If endogenous 5-HT acts to suppress HP and activate HL 
then it would be expected that there would be relatively low levels of 
this substance at this time. Feist and Galster (1974) have also re- 


ported increased hypothalamic NA during mid-arousal when the rates of 
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Table 3 


Effects of i.c.v. injection of NA and 5-HT on the rates of heat 


production, rewarming, and excess heat production during 


disturbed arousal in Spermophilus richardsontt 


Rate of Hp™ 
(cal /Weo: 7° ymin) 

Control 
(n=7) 0.786+0.037 
NA 
(n=8) OL 925r00 025 = 
5-HT 
(n=6) 0.809+0.018 


Rate of Rewarming Rate of net HP® 


(°c/min) (cal swe: /?/min) 


0.203+0.010 0.5732+0.40 


0.255+0.007 ** 


046710402 02 * 


0.179+0.003 0.5420+0.012 


* Significantly different from control (p<0.05) 


** (p<0.02) 


Values are X + S.E. 


# Calculated by total uP/wte’ time for Tr to reach 35°C 


a Calculated by (Total HP - Total HL)/time for Tr to reach 35°C 
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increase of Tb and HP are maximal. If endogenous NA activates HP 
then it would be expected that there would be relatively high levels 
of this substance at this time. It has also been shown that in- 
hibition of NA synthesis during hibernation prevents complete 
arousal from hibernation (Feist, 1970). 

The observed effects of i.c.v. injection of the biogenic amines, 
5-HT and NA on the thermoregulatory dynamics of rewarming in the 
Richardson's ground squirrel are similar to those evoked in some 
euthermic hibernators (Beckman and Satinoff, 1972; Baird et Ci 
1974; Jansky and Novotna, 1976; Glass and Wang, 1978) and non- 
hibernating species (Komaromi et al, 1969; Beckman, 1970; Bligh 
et al., 1971; Zeisberger and Bruck, 1971): NA causing activation 
of HP and 5-HT causing suppression of HP and activation of HL. It 
is possible, therefore, that these substances mediate thermoreg- 
ulatory pathways during arousal in much the same manner as during 


normothermia. 
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